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ABSTRACT: We have carried out an extensive DFT-based search for the structure of the
(√43 × √43)R ± 7.5° reconstruction of S on Cu(111), which exhibits a honeycomb-
type structure in scanning tunneling microscopy (STM). We apply two criteria in this
search: The structure must have a reasonably low chemical potential, and it must provide a
good match with STM data, both our own and the data published by Wahlström et al.
Phys. Rev. B 1999, 60, 10699. The best model has 12 S adatoms and 9 Cu adatoms per
unit cell. Local defects within the Cu9S12 framework, consisting of one missing or one
extra Cu adatom per unit cell, would be diﬃcult to detect with STM and would not be
energetically costly. There is no obvious correlation between this model and the structure
of bulk CuS. If the √43 reconstruction is viewed in terms of local building blocks, then
CuS3 and CuS2 clusters, linked by shared S atoms, provides the best description.
1. INTRODUCTION
The interaction of sulfur with surfaces of Cu, Ag, and Au is
important to topics as ancient as the tarnishing of jewelry and
as modern as self-assembled monolayers. On the atomic scale,
the initial interaction of sulfur with single-crystal surfaces of
metals produces a rich variety of reconstructed phases. A strong
motivation for understanding the structure of these phases is
the possibility of developing robust insights into the factors that
stabilize them. For example, are the reconstructions built of
common individual units, i.e. recurring motifs? Do the
reconstructions resemble bulk compounds? Do the reconstruc-
tions induced by sulfur resemble those of its fellow
chalcogenide, oxygen?
Of course, the atomic structures of the reconstructions must
be determined reliably to address such questions. That has
proven diﬃcult, in part because the reconstructions often have
large and complex unit cells and in part because the reliability
of a model depends on the diversity of the information used to
construct it. That is to say, the ideal data set originates from
many diﬀerent techniques, which today include scanning
tunneling microscopy (STM), electron scattering (particularly
low-energy electron diﬀraction, and X-ray photoelectron
diﬀraction), X-ray scattering, and high-level theory such as
density functional theory (DFT). It is uncommon that all of
these contributions are available simultaneously; it is much
more common that these pieces of the puzzle are generated
over time, by diﬀerent groups. Thus, there is often disagree-
ment, or at least an evolution of thought, in the literature
concerning the atomic structures of complex surface
reconstructions.
We contribute new evidence concerning one particular
sulfur-induced reconstruction of Cu(111). Speciﬁcally, it is a
honeycomb-like structure, denoted (√43 × √43)R ± 7.5°
(hereafter abbreviated √43). It was ﬁrst reported by
Wahlström et al. in 1999.1 It exists only at temperatures
below 170 K and at total S coverages between 0.05 and 0.25
monolayer (ML).1,2 (A sulfur coverage of 1 ML is deﬁned as a
ratio of 1 S atom to 1 Cu atom in the Cu(111) plane.)
Wahlström et al. proposed that the√43 is a mixed layer of Cu
and S with a structure derived from the cleavage plane of bulk
CuS (covellite).2
This paper primarily presents new DFT results. Published
high-resolution STM data1 are used for comparison, and some
new STM data are presented as well. Section 2 presents
experimental and computational details. Section 3 presents
results and analysis. Section 4 is a discussion that relates our
results to the questions posed at the beginning of this section.
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2. COMPUTATIONAL AND EXPERIMENTAL DETAILS
Energetics of diﬀerent reconstructions were calculated through
DFT using the VASP3 code with the projector-augmented wave
(PAW) method.4 The surface was modeled by a periodic slab of
L layers, separated by 1.2 nm of vacuum. Additional Cu and S
atoms were added to one side of the slab. Most of the results
reported used the Perdew−Burke−Ernzerhof (PBE) approx-
imation5 for the exchange-correlation functional. The energy
cutoﬀ for the plane-wave basis set was 280 eV. Simulated STM
images are created from DFT calculations using the Tersoﬀ−
Hamman method.6,7 Because of the existence of surface states
on the Cu(111) surface, k-points convergence is slow.
Averaging results for slabs of diﬀerent thickness can reduce
the errors due to insuﬃcient k-points signiﬁcantly.8 Energetics
reported in this paper are mostly obtained using a √43
supercell and (2 × 2 × 1) k-points grids, averaging results from
L = 3 to 5. Tests with more precise settings generally yield
chemical potentials with numerical uncertainties within 10
meV. The DFT part of the work was carried out in the Ames
Laboratory.
In the search for the structure of the √43 S-induced
reconstruction of Cu(111), we explored many alternative
structures through DFT calculations in addition to those
reported in this paper and in the Supporting Information. To
be computationally eﬃcient, our approach was to ﬁrst optimize
the adlayer structure using a single layer of Cu atoms to mimic
the Cu(111) surface. From experience, if a structure is not
stable on a single layer, it is unlikely to be stable on thicker
layers. Only after an adsorbate structure survived this initial
stability test did we carry out the calculation on slabs with
thickness up to ﬁve layers to determine the chemical potential
and simulated STM images. The bottom layer of atoms is ﬁxed
at their theoretical bulk positions during energy optimization.
Experimental STM work was carried out in an ultrahigh
vacuum system (pressure below 2.5 × 10−11 Torr) consisting of
two main parts. In one part, the Cu(111) sample was cleaned
and exposed to sulfur9 at room temperature. The sample was
then transferred to the STM stage and cooled to the imaging
temperature, 5 K. The new STM work was performed at
RIKEN in Japan.
3. RESULTS AND ANALYSIS
Figure 1a is a high-resolution STM image of the √43 phase
that was previously published by Wahlström et al.1 The
structure contains dark regions that deﬁne a striking honey-
comb lattice. However, the hexagonal symmetry of the
honeycomb is not perfect. For instance, the dark regions are
elongated along an axis that is ∼20° from vertical.
Figure 1b is a new STM image of this phase. The resolution
is not as good as in Figure 1a, so individual protrusions are not
resolved. However, the image clearly shows the characteristic
honeycomb of dark regions. The hexagonal symmetry is
essentially perfect, and so we attribute the slight distortion in
Figure 1a to an experimental artifact, possibly drift. We also
note that other images published by Wahlström et al. do not
consistently show distortion.1,2
In Figure 1a, the brighter regions are textured, and the
texture can be divided into individual protrusions. These
protrusions are mapped out by the gray dots in the inset. There
are 12 in the√43 unit cell. Wahlström et al. assumed that each
protrusion corresponds to a S adatom, implying an ideal S
coverage of 12/43 = 0.28 ML. They also assumed that Cu
adatoms in the reconstruction do not contribute signiﬁcantly to
the image based on a previous study of the surface of bulk
covellite.10 Our DFT results (later) will validate these
assumptions.
In addition to STM, Wahlström et al.2 measured photo-
electron spectra and scanning tunneling spectra. They found
that the electronic surface state of clean Cu(111) is associated
with the√43 reconstruction, and they interpreted this to mean
that the darkest regions in the reconstruction consist of clean
Cu(111). We adopt this interpretation in constructing models.
Using DFT, we assess the relative stability of various
optimized conﬁgurations and also produce simulated STM
images for each that can be compared with Figure 1a. Stability
is measured by the S chemical potential (μS) at T = 0 K,
deﬁned as
μ = + − − μ
−
E E m n
E




where E is the total energy, μCu is the chemical potential of a
Cu adatom (equal to the cohesive energy of a bulk Cu atom at
T = 0 K), and n and m are the number of S and Cu atoms in the
cluster, respectively. By this deﬁnition, μS measures the increase
in energy per S when a limited supply of atomic S on terraces is
incorporated into the reconstruction, given an unlimited supply
of metal atoms that can be extracted from steps. This equation
also deﬁnes the energy of gaseous S2 as the reference point for
μS.
In our search for potential √43 structures, the ﬁrst obvious
choice was the covellite-derived model previously proposed.2
Figure 2a shows the arrangement of atoms in the basal plane of
covellite. Removal of the atoms (7 S and 6 Cu) marked with X
would result in the suggested √43 structure.2 Figure 2b shows
the optimized arrangement of this structure on the Cu(111)
surface, and Figure 2c shows the predicted STM image. There
is poor agreement between Figures 2c and 1a. Furthermore, for
this structure, we calculate μS = −1.65 eV. Compared with
some of the other structures to be presented below, this value
of μS is not competitive. We therefore rule out the covellite
structure.
We next widened the search, guided by certain insights. First,
as previously noted, we assumed that the dark spaces in the
honeycomb are regions of the Cu(111) substrate without any
adatoms.2 Second, there is attraction between Cu adatoms,
Figure 1. High-resolution STM images of the √43 phase. (a) 5.0 ×
5.0 nm2, T = 135 K, I = 0.100 nA, and V = −0.700 V. The inset shows
the locations of the protrusions and the√43 unit cell. Reprinted with
permission from ref 1. Copyright 1999 American Physical Society. (b)
7.2 × 7.8 nm2, T = 5 K, tunneling current = 0.367 nA, sample bias
voltage = −0.090 V.
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which favors Cu−Cu adatom adjacency. Third, linked
structures are more likely to exhibit a honeycomb pattern in
the STM simulations than nonlinked structures. (See
Supporting Information.) Fourth, we suspected that certain
small Cu−S clusters could be units of the reconstruction. These
clusters will be discussed more fully in Section 4.
We examined diverse structures with diﬀerent numbers of Cu
and S atoms in the √43 supercell. (We did not constrain the
√43 unit cell to contain 12 S atoms.) Speciﬁcally, there were
80 structures calculated with a one-layer Cu slab, 41 with three-
layer Cu slabs, and 35 more with up to ﬁve layers, screened
according to the method described in Section 2. Figure 3 shows
some examples that contain 6 to 9 S atoms, and 9 to 18 Cu
atoms, per √43 unit cell. The simulated STM images of these
structures show poor agreement with the STM data of Figure
1a.
One general trend emerged: A higher degree of coordination
between a S adatom and Cu adatoms is often associated with a
brighter spot in the simulated STM image, reﬂecting greater
electron transfer to the S adatom. Pyramidal Cu4S units
produce the most intense spots, and these units (if present)
dominate predicted STM images. Examples are shown in
Figure 3a,c,d. Models incorporating such units produce poor
agreement with the STM image of Figure 1a, however. This is
because the pyramidal units cannot be packed densely enough
to produce 12 spots per unit cell while preserving the empty
regions that produce the dark hexagons. As an aside, we note
that other S-induced reconstructions on Cu(111) do show very
bright protrusions in the experimental STM data, with a density
far lower than the 12 protrusions in the√43, and these intense
spots may arise from four-fold coordinated S adatoms.2
Similarly, on Ag(111), experimental STM images of Ag16S13
clusters exhibit bright central spots, which correspond to Ag4S
pyramids.11
Turning next to models containing 12 S adatoms per √43
unit cell (12-S models), Figure 4 shows a family of structures in
this category. More 12-S models are shown in the Supporting
Information. In Figure 4, the number of Cu atoms ranges from
6 to 11. Each S adatom is coordinated to only one or two Cu
adatoms. These structures have values of μS that range from
−1.73 to −1.77 eV. (The number in the bracket reﬂects
variation with the slab thickness, for example, from L = 3 to 5,
that results in uncertainties in the last signiﬁcant digit of the
quoted energetics.8) This is signiﬁcantly lower than μS for most
of the structures in Figure 2 or 3. In this family, the lowest value
of μS (−1.77 eV) is found for the Cu9S12 structure, in which
each S adatom is coordinated to two Cu adatoms.
Figure 5 shows the Cu9S12 model and predicted STM image
more closely. In Figure 5b, the array of spots from the Figure
1b inset is overlaid on the simulated image. (The array of dark
spots is corrected for distortion, that is, forced to have
hexagonal symmetry.) Figure 5b demonstrates very good
correspondence between the experimental data and the model.
It is noteworthy that within the 12-S family of Figure 4, the
simulated STM images are quite similar, meaning that they are
not strongly sensitive to the number of Cu adatoms. This is
because the Cu adatoms of the reconstruction contribute little
or nothing to the images. This supports the assumption made
by Wahlström et al.2 that the ﬁne structure in the real STM
images is due mainly to S atoms.
Within this family, μS is also not very sensitive to the number
of Cu atoms, although Cu9S12 has the lowest μS. In addition, the
Cu9S12 structure also has high symmetry and thus may be
considered an ideal structure. For instance, its structural
neighbors with one less or one more Cu atom per unit cell
(Cu8S12 and Cu10S12, respectively) each have three-fold
symmetry, rather than six-fold, and hence are not true
honeycomb structures. However, their chemical potentials
show that slight deviation from the ideal structure is not very
costly in energetic terms. It is possible that in a real extended
√43 reconstruction there exist local defects in the Cu9S12
Figure 2. √43 phase based on a covellite (CuS) structure on
Cu(111). (a) Arrangement of covellite on a Cu(111) surface, as
determined by DFT. Sulfur atoms are indicated by small, yellow
circles, while copper atoms are the larger, white circles. (b) Optimized
arrangement of the covellite-based √43 phase on Cu(111). (c)
Simulated STM image of the covellite-based √43 phase. In panels a
and b, the circles represent atoms at their DFT-optimized positions.
Large gray circles depict Cu atoms in the Cu(111) surface, large white
circles depict Cu atoms above the surface plane, and small yellow
circles are sulfur atoms.
The Journal of Physical Chemistry C Article
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framework, corresponding to missing or extra Cu adatoms, that
are diﬃcult to identify with STM.
4. DISCUSSION
Elsewhere, we present data and calculations that support the
existence of a Cu2S3 complex on this surface.
12 It is observed
with STM at very low S coverage and low temperature (5 K). It
appears to exist in equilibrium with the√43 structure. We have
calculated μS for this and many other S−Cu complexes on
Cu(111) using DFT. Cu2S3 has the minimum μS, although
several other clusters have μS values that are not too much
higher. The closest ones are linear CuS2, trigonal planar CuS3,
and triangular Cu3S3. These are shown in Figure 6. It is natural
to ask whether the favored models for the √43 reconstruction
can be rationalized in terms of any of these units.
Consider ﬁrst the 12-S structures. The Cu6S12 model in
Figure 4a can be viewed as groups of CuS3 clusters, in which
each cluster shares 2 S atoms with another CuS3 cluster. The
Cu atoms in this reconstruction are close to their preferred
three-fold-hollow (3fh) adsorption sites in the isolated
adsorbed CuS3 (Figure 6b), but the S atoms are displaced
signiﬁcantly. The structure in Figure 4b is the same as in panel
a, except that additional Cu atoms are placed along one of the
diagonal directions. The addition of these Cu atoms essentially
introduces linear CuS2 units that share each S atom with one
CuS3 unit and that have the Cu and S atoms close to the
optimal adsorption sites in the isolated adsorbed CuS2 cluster.
The new Cu atoms must introduce some Cu−Cu bonding in
the reconstruction, although the lateral Cu−Cu separation is
∼7% longer than in the Cu(111) plane. The Cu8S12 and Cu9S12
reconstructions of Figures 4c and 4d follow a similar
progression, with Cu atoms added along a single direction in
each case. The minimum in μS is reached for Cu9S12 in Figure
4d. The reconstructions that follow in this series are Cu10S12
and Cu11S12, where Cu atoms are added to the centers of the
original linked CuS3 groups, which is apparently unfavorable
because μS rises.
The other reconstructions shown in Figure 3 can be broken
down into other combinations of clusters. Figure 3b consists of
Cu3S3 clusters linked to linear CuS2 clusters, but it can be ruled
out on the basis of both its high μS and poor agreement with
STM images. Figure 3e consists of concatenated linear CuS2
clusters. It is relatively stable but does not match the STM data
well. The reconstructions of Figure 3a,c,d have local sites that
approximate four-fold-hollow (4fh) Cu sites, supporting a S
atom above the plane of the reconstruction. It is well known
that S adsorbs preferentially at 4fh sites rather than 3fh
sites,13−15 and other, higher-coverage reconstructions of S on
Cu(111) probably contain 4fh sites.2,13 However, the values of
Figure 3. DFT calculated chemical potentials, models, and simulated STM images for several Cu−S ratios per√43 unit cell. Note that some models
have the same Cu−S ratio, but the atoms are in a diﬀerent conﬁguration. (a) Cu12S9, (b) Cu9S6, (c) Cu12S9, (d) Cu18S9, (e) Cu9S8, and (f) Cu9S6.
The circles represent atoms at their DFT-optimized positions. Large gray circles denote Cu atoms in the Cu(111) surface, large white circles denote
Cu atoms above the surface plane, and small yellow circles are sulfur atoms.
The Journal of Physical Chemistry C Article
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μS and the projected STM images serve to rule out these
possibilities for the √43 structure.
We conclude that if one interprets the√43 reconstruction in
terms of local building blocks, then CuS3 and CuS2 clusters,
linked by shared S atoms, provide the best description of the
optimal model (Figure 5a). This model cannot be interpreted
in terms of the experimentally observed isolated cluster with
which the √43 coexists, Cu2S3, because the Cu2S3 cluster has
linear CuS2 subunits,
12 as shown in Figure 6a. Thus, the
reconstruction is not simply a condensation of the Cu2S3
cluster.
Previously, it was proposed that the √43 reconstruction
resembles the basal plane of CuS.2 We have shown that this is
not an energetically reasonable candidate for the√43, although
other reconstructions in this system may be related to CuS.2
When we examine reports of the oxygen-induced reconstruc-
tions of Cu(111), we do not ﬁnd any analog to the √43.
Furthermore, the O/Cu(111) reconstructions are consistently
related to bulk Cu2O.
16−20 Thus, there is no obvious
correlation between the √43 reconstruction of S/Cu(111)
and the known reconstructions of O/Cu(111).
Figure 4. Models (top) and simulated STM images (bottom) for√43 structures containing 12 S atoms per unit cell, with varying Cu concentration.
The√43 unit cell is shown by the parallelogram in the top of part d. (a) Cu6S12, (b) Cu7S12, (c) Cu8S12, (d) Cu9S12, (e) Cu10S12, and (f) Cu11S12. In
the models, the circles represent atoms at their DFT-optimized positions. Large gray circles signify Cu atoms in the Cu(111) surface, large white
circles signify Cu atoms above the surface plane, and small yellow circles are sulfur atoms. The number at the top of each panel is the chemical
potential, averaged over Cu slabs of varying thickness up to ﬁve layers. The digit in parentheses reﬂects variations with the slab thickness.8 For
instance, a value of −1.772(8) eV means the average value is −1.772 eV, and the slab-dependent variation is up to ±0.008 eV.
Figure 5. (a) Cu9S12 structure model and (b) simulated STM image.
The black circles correspond to the positions of dots in the inset of
Figure 1a, corrected slightly for presumed distortion. Hence, the black
circles represent areas of highest intensity in the STM image of ref 2.
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In summary, we propose a new model for the √43
reconstruction of S on Cu(111) based on DFT and STM.
The favored structure is not derived from bulk CuS, nor is it
built only of the Cu2S3 clusters that have been found to exist in
isolated form at low coverage and low temperature. It agrees
very well with STM data published by Wahlström et al.,
wherein prominent features were interpreted to be individual S
atoms. Our simulated STM images are consistent with this
interpretation. Applying the dual constraints of low S chemical
potential and good agreement with STM images, the best ﬁt is a
structure with a formula of Cu9S12 per unit cell. Considering
symmetry in addition, the formula Cu9S12 probably represents
the ideal structure; local deviations with one extra or one less
Cu atom per unit cell would be diﬃcult to identify with STM,
and the energetic penalty would not be prohibitive.
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